Immunity in the neonatal animal is primarily maternally derived, either by lymphocytes that pass into the newborn across the placenta or following colostrum ingestion. However, the effect of this passively transferred cellular maternal immunity on the newborn's immune repertoire is not clearly understood. Various studies have shown that colostral lymphocytes are activated and possess functional abilities; however, no studies have shown the transfer of colostral antigen-specific T-cell-specific responses in a newborn. In this study we examined the transfer of vaccine-induced Mycoplasma hyopneumoniae cellular immunity from immune dams to newborn piglets. Newborn piglets from vaccinated and nonvaccinated dams were assessed in two ways for cellular immune responses specific to M. hyopneumoniae: (i) delayed-type hypersensitivity (DTH) testing and (ii) in vitro lymphocyte proliferation, assayed on piglet blood lymphocytes and sow colostral lymphocytes. DTH responses to M. hyopneumoniae were detected only for offspring of vaccinated sows, whereas DTH responses to the nonspecific mitogen phytohemagglutinin were seen for all piglets. M. hyopneumoniae-specific proliferation was seen for colostral lymphocytes from vaccinated sows and for blood lymphocytes from neonatal piglets of vaccinated dams but not for blood lymphocytes from piglets of nonvaccinated sows. Functional antigen-specific T cells were transferred to offspring from vaccinated sows and participated in the neonatal immune response upon stimulation. These data have implications for defining disease intervention strategies.
Immunity in the neonatal animal is primarily maternally derived, either by lymphocytes that pass into the newborn across the placenta or following colostrum ingestion. However, the effect of this passively transferred cellular maternal immunity on the newborn's immune repertoire is not clearly understood. Various studies have shown that colostral lymphocytes are activated and possess functional abilities; however, no studies have shown the transfer of colostral antigen-specific T-cell-specific responses in a newborn. In this study we examined the transfer of vaccine-induced Mycoplasma hyopneumoniae cellular immunity from immune dams to newborn piglets. Newborn piglets from vaccinated and nonvaccinated dams were assessed in two ways for cellular immune responses specific to M. hyopneumoniae: (i) delayed-type hypersensitivity (DTH) testing and (ii) in vitro lymphocyte proliferation, assayed on piglet blood lymphocytes and sow colostral lymphocytes. DTH responses to M. hyopneumoniae were detected only for offspring of vaccinated sows, whereas DTH responses to the nonspecific mitogen phytohemagglutinin were seen for all piglets. M. hyopneumoniae-specific proliferation was seen for colostral lymphocytes from vaccinated sows and for blood lymphocytes from neonatal piglets of vaccinated dams but not for blood lymphocytes from piglets of nonvaccinated sows. Functional antigen-specific T cells were transferred to offspring from vaccinated sows and participated in the neonatal immune response upon stimulation. These data have implications for defining disease intervention strategies.
The immediate postnatal period is a critical time in the development of young animals' immune systems because it involves a major shift from reliance on innate immunity to adaptive immunity. During this transition period, neonates are protected by passively acquired maternal immunity. In most species, the fetus acquires passive immunity in utero when immune factors cross the placenta. However, some animals, specifically those with epitheliochorial (swine and equine) or hematochorial (bovine) placentation, first receive maternal immunity at birth through colostrum ingestion. Immunomodulatory factors are integral parts of colostrum and include hormones and cytokines, as well as antibodies and a variety of cells (reviewed in reference 22). While an extensive literature exists regarding the immunoglobulin composition of porcine mammary secretions, little attention has been given to colostral cells. There are more than 2 ϫ 10 6 cells per ml in colostrum, approximately 20% of which are lymphocytes, and an estimated 500 million maternal cells transverse the intestinal epithelium daily (3, 10) . Interestingly, the transfer of lymphocytes from colostrum into the circulation of the neonate is ordered, not random, indicating an evolutionary importance of maternal lymphocytes (21, 23) . The present study investigated whether the colostrum of vaccinated sows (VS) transfers functional antigen-specific lymphocytes to newborn piglets.
Contributions by studies of different species have made it clear that colostral lymphocytes are phenotypically memory and activated cells and can proliferate following mitogen stimulation in vitro. Transferred colostral cells also have functional ability. Transfer of sensitivity to tuberculin has been demonstrated for human infants from vaccinated mothers by testing delayed-type hypersensitivity (DTH), a T-lymphocyte-mediated response (16) . In addition, the transfer of sensitivity to nematode and fungal antigens to neonatal mice born to immunized mothers has been demonstrated (9, 12) . Still, humans and mice are exposed to maternal immunity during gestation, and the detection of antigen-specific reactivity at birth may be a result of antigen priming while in utero. Therefore, the responding cells in these reports may be neonatal cells that were primed during gestation and not maternal cells.
To date, no reports have investigated the ability of colostral cells to respond in an antigen-specific manner in the neonate. It is of great interest and practicality to harness the ability of passively transferred antigen-specific cellular immunity because of the potential role maternal cells have in protecting the neonate from disease. We evaluated the ability of passively transferred Mycoplasma hyopneumoniae-specific colostral cells to function in a specific manner in the newborn pig. M. hyopneumoniae was chosen because of its clinical importance to the swine industry (reviewed in reference 15) and the importance of cellular immunity associated with this infection (1, 13, 18, 20) . Newborn piglets are naïve to M. hyopneumoniae, and there is no evidence of transplacental infection. Although the use of sow vaccination for M. hyopneumoniae is uncommon (6) . sow vaccination and antibiotic treatment during lactation results in a significantly lower prevalence of Mycoplasma-positive piglets at weaning (14) and subsequent lower prevalence and severity of lung lesions at slaughter (4). M. hyopneumoniaespecific antibodies have been demonstrated for blood and milk of sows following vaccination, yet direct evidence for the passive transfer of cellular immunity specific for M. hyopneumoniae has not been demonstrated. A greater understanding of the role of maternal cellular immunity in the protection of neonates and potential interference with active immunity could be used to define more-effective disease intervention strategies.
MATERIALS AND METHODS
Animals. All animals were treated in accordance with the University of Minnesota's Institutional Animal Care and Use Committee regulations. Sows were housed at a commercial farm in gestation crates until 1 week prior to farrowing, at which time they were moved to farrowing crates. Food and water were provided ad libitum. At the beginning of the study, 15 sows were randomly assigned to VS or non-VS (NVS) groups. At 5 and 3 weeks antepartum, VS were vaccinated against M. hyopneumoniae (Respisure; Pfizer) according to the manufacturer's instructions. Colostrum was collected from all sows at farrowing. Blood was collected from 7 piglets per sow at 0 h for a total of 105 piglets. To ensure that 0-h piglet blood was collected prior to colostrum ingestion, farrowings were monitored and piglets were placed in tubs immediately after birth. Blood was collected from piglets within 30 min of being placed in the tub and then immediately returned to their dams. Piglets were ear notched for identification purposes. Based on previous studies, only piglets that had not been cross-fostered (to ensure maternal lymphocyte transfer into circulations) were included in the 24-h blood collection. Blood was collected from 42 piglets at 24 h, corresponding to at least two piglets per sow (15 total sows).
DTH testing. DTH testing was performed on 20 non-cross-fostered piglets per group at 4 days of age. Concentrated and purified M. hyopneumoniae (300 g/ml in 0.1 ml) antigen was injected intradermally into the left inguinal area (13) . Phytohemagglutinin (PHA) (20 g/ml in 0.1 ml; Sigma, St. Louis, MO) and saline (0.1 ml) were used as positive and negative controls, respectively. Injection sites were clearly marked with livestock paint. Skin fold thickness was measured 24 to 36 h later with calipers. Final DTH lesion values were determined in terms of orthogonal diameter by skin thickness.
Sample collection. Twenty milliliters of colostrum was manually collected from each functional udder in 50-ml conical tubes following alcohol swabbing of teats from all 15 sows. Blood was collected by jugular puncture into sterile heparinized Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ). A total of 105 piglets were subjected to blood collection at 0 h, and 42 of those piglets were subjected to blood collection again 24 h after suckling. Piglet data were used only if blood samples from before and after suckling were taken.
Antigen preparation. M. hyopneumoniae was cultured in Friis' medium. At passage 15 and when the pH of the culture reached 6 or lower, the organisms were harvested by continuous-flow centrifugation at 70,000 ϫ g. The harvested M. hyopneumoniae was resuspended in Tris-sodium chloride (TN) buffer (pH 7.2 to 7.4) in 1/100 of the original volume of the culture and washed three times by centrifugation, each with the same proportion of TN buffer. The washed M. hyopneumoniae was inactivated by one freeze-thaw cycle and then by sonic disruption. M. hyopneumoniae was solubilized with 1% NP-40 and the antigen concentration was adjusted to 4 mg/ml.
Lymphocyte stimulation. Colostrum was diluted 1:3 with sterile phosphatebuffered saline (PBS) to decrease viscosity and then washed three times prior to lymphocyte isolation. Piglet blood was diluted 1:1 in sterile PBS to improve cell recovery yield. Colostral and blood lymphocytes were isolated by Ficoll density centrifugation as described previously (10, 2) . Cells were stained with the membrane stain carboxy fluorescein succinylimidyl ester (CFSE) (ICT, Bloomington, MN) to evaluate antigen-specific proliferation (11) . CFSE was added to cells in PBS and allowed to incubate for 20 min at room temperature in the dark. Cells were washed two times with RPMI supplemented with 10% fetal bovine serum, 100 U penicillin G per ml, and 100 g of streptomycin per ml and reconstituted in this medium. Viability was deemed to be greater than 97% by trypan blue exclusion. Cells were plated in "v"-bottomed 96-well plates in duplicate at a concentration of 4 ϫ 10 5 cells per well. Cells were stimulated with 10 g/ml purified M. hyopneumoniae antigen as described previously (20) . The M. hyopneumoniae antigen used in vitro was the same as that used for in vivo testing but at a different concentration. Nonstimulated cultures served as negative controls; concanavalin A-stimulated cultures (5 g/ml) served as positive controls. Cells were allowed to incubate for 4 days. Flow cytometry was used to assess lymphocyte proliferation utilizing a FACSCalibur flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA). The FL-4 laser was calibrated using the manufacturer's calibration beads. Nonstained, nonstimulated cells were used to establish a baseline for the proliferation assay. Event acquisition was set for 10,000 events in a region encompassing the CFSE-positive quadrants (lower quadrants only). Results were analyzed by CellquestPro software. Proliferation was determined as the mean number of cells proliferating in antigen-stimulated wells minus the mean number of cells proliferating in the nonstimulated wells. Data are expressed in percentages.
Statistics. Data were analyzed using the linear mixed-effect model in the SAS program and means were compared using the least-squares means and honestly significant difference comparison. Data were transformed to log y values, but the original means are used in the text and figures.
RESULTS
In order to characterize the in vivo cellular immune response induced by the injection of the nonspecific mitogen PHA and the M. hyopneumoniae antigen, the inflammatory response was measured at 1, 24, 36, and 48 h postinjection. Hypersensitivities were not evident immediately postinjection. Hypersensitivity responses were maximal at 36 h postinjection, and the magnitude of the response as measured by orthogonal diameter and skin fold thickness declined by 48 h postinjection. The timing and characteristics of the inflammation confirmed that the responses were DTH responses (data not shown). Since responses were maximal at 36 h postinjection, 36-h responses were compared.
Newborn piglets from both the VS and NVS groups showed DTH responses to the nonspecific mitogen PHA, thus indicating cellular immune competence. No difference in the magnitude of PHA DTH response size was observed among piglets across sow vaccination groups (Fig. 1) . One piglet did not respond to PHA. Inflammation was not observed at the saline injection site for any of the neonatal pigs. To investigate the in vivo cellular immune response to M. hyopneumoniae, concentrated M. hyopneumoniae antigen was injected intradermally into newborn pigs. Previous studies have demonstrated DTH responses to M. hyopneumoniae in infected pigs (1, 13) , but this is the first to use DTH as a measure to assess passive maternal cellular immune transfer to piglets. Offspring from sows vaccinated with M. hyopneumoniae had significantly greater Mycoplasma-specific DTH responses (3.1 Ϯ 0.1 mm 2 ) than offspring from NVS (0.8 Ϯ 0.1 mm 2 ) (P Ͻ 0.001) (Fig. 1) . It should be noted that one piglet from an NVS did have a detectable DTH response to M. hyopneumoniae.
To assess in vitro cellular immune responses, M. hyopneumoniae-specific proliferation was measured. Lymphocytes isolated from colostrum of VS proliferated significantly more in response to M. hyopneumoniae than colostral lymphocytes from NVS (P Ͻ 0.05) (Fig. 2) . Among lymphocytes isolated from piglet blood, M. hyopneumoniae-specific proliferation was observed only from lymphocytes isolated from piglets of VS, and only after suckling (P Ͻ 0.05). There was no statistical difference between antigen-specific proliferation of colostral lymphocytes and that of lymphocytes isolated from piglets of VS after suckling. Antigen-specific proliferation was not observed from lymphocytes isolated from precolostral pigs of any group.
DISCUSSION
In this study, we have demonstrated for the first time that lymphocytes that are passively transferred from vaccinated dams to their offspring in colostrum are able to proliferate and participate in a functional response to a particular antigen, in this case M. hyopneumoniae. Evidence that colostral lympho-VOL. 15, 2008 TRANSFER OF MATERNAL CELLULAR IMMUNITY TO PIGLETS 541 cytes were transferred into the newborn's circulation and that colostral lymphocytes were functional came from antigen-specific in vivo DTH responses and in vitro lymphocyte proliferation. M. hyopneumoniae-specific DTH lesions were found only for offspring of VS. Colostral lymphocytes from VS proliferated in response to stimulation with M. hyopneumoniae antigen, and colostral lymphocytes from NVS did not. Lymphocytes isolated from piglets before suckling did not respond to M. hyopneumoniae stimulation, indicating that piglets are naïve to M. hyopneumoniae at birth. Moreover, lymphocytes isolated from the offspring of VS after suckling proliferated to the same degree as the colostral lymphocytes they received. Antigen-specific DTH responses and lymphoproliferation are by definition secondary immune responses. Since newborn piglets are otherwise naïve to M. hyopneumoniae, the DTH responses and lymphoproliferative responses we observed for neonates of VS were due to the action of antigen-specific maternal colostral cells. Therefore, maternal colostral cells transferred into the newborn's circulation and participated in the immune response in an antigen-specific manner. Infection control in newborns often relies on maternal vaccination with the assumption that maternal immunity is transferred to the newborn and that maternal immunity is protective. Maternal vaccination is more widely practiced than newborn vaccination due to complications of the newborn's maturing immune system and of passive interference. Specifically regarding M. hyopneumoniae, several control studies have documented that when sow vaccination is followed by suckling pig vaccination, many piglets do not seroconvert to the vaccine, suggesting interference (5) . Further, in most vaccination regimens timing is most often correlated with antibody titer without regard to cellular immunity. In fact many studies have indicated that cellular immunity is important in the response to M. hyopneumoniae (1, 13, 18, 20) , and there appears to be no correlation between serum antibody level and protection from bacterial colonization or Mycoplasma disease (19) . The studies reported here are the first to demonstrate a functional response of passively transferred colostral cells in the newborn to M. hyopneumoniae.
The transfer of colostral cells with the ability to participate in a functional immune response suggests that passively transferred maternal cellular immunity can affect immune development of the newborn piglet. The impact of passively transferred maternal immunity on the development of the newborn's immune repertoire is not clear; however, the development of adaptive immunity is undoubtedly affected by components of colostrum, notably maternal antibodies. Transferred antibodies are functional and can serve protective roles in the neonate, yet maternal antibodies can also interfere with active immune induction. Studies with rodents suggest that passively acquired cellular immunity is not subject to interference and may be helpful in overcoming the inhibitive effects associated with maternal antibodies in the newborn (17) . In addition, colostral cells have been found to modulate the proliferative response of piglet lymphocytes by significantly increasing blastogenesis to pokeweed mitogen, compared to what is seen for piglets not given maternal colostral cells (23) . PHA and none responded to saline. * indicates significance at a P value of Ͻ0.05; ** indicates significance at a P value of Ͻ0.001. DxT, measurement value for orthogonal diameter by skin thickness.
FIG. 2.
Mycoplasma-specific lymphocyte proliferation. Lymphocytes were isolated from sow colostrum and from piglet blood before (PS) and 24 h after (AS) colostrum ingestion and stimulated with M. hyopneumoniae antigen. Average antigen-specific proliferation by lymphocytes isolated from PS and AS piglets and from sow colostrum.
Variation is expressed as standard error; * indicates significance at a P value of Ͻ0.05.
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A common practice in commercial swine production is to cross-foster newborn piglets soon after birth. The timing of cross-fostering practices may limit the number of cells transferred into the neonate and may hinder the immune development of those animals, since colostral cells are transferred into the neonate only if the colostrum is from the piglet's own mother (21, 23) . Using technetium-labeled cells (21) and fluorescein-labeled cells (23) , two different groups demonstrated that heat-killed cells and cells from a source other than the piglet's own mother do not transverse the intestinal barrier. Thus, the transfer of T cells is dependent on their being viable and maternal in origin. No source or class restriction exists for antibody transfer (8) or for colostral cell transfer in other species, including primates (7). Due to the very probable importance of T cells in neonatal immune development, the timing of cross-fostering practices warrants further investigation. It should be noted that M. hyopneumoniae infection was evident on the farm and that a single positive DTH response from a piglet of the NVS group was observed. This response could be a sensitivity issue; however, no animals in the study responded to saline and all responded to PHA. More likely, the piglet with the positive DTH response was the offspring of a sow that was actively infected with M. hyopneumoniae. In an infected sow, the population of M. hyopneumoniae-specific transferred cells may be great enough for a specific cell-mediated response to be mounted in the newborn.
